GIPC is a PDZ protein located on peripheral endosomes that binds to the juxtamembrane region of the TrkA nerve growth factor (NGF) receptor and has been implicated in NGF signaling. We establish here that endogenous GIPC binds to the C terminus of APPL, a Rab5 binding protein, which is a marker for signaling endosomes. When PC12(615) cells are treated with either NGF or antibody agonists to activate TrkA, GIPC and APPL translocate from the cytoplasm and bind to incoming, endocytic vesicles carrying TrkA concentrated at the tips of the cell processes. GIPC, but not APPL, dissociates from these peripheral endosomes prior to or during their trafficking from the cell periphery to the juxtanuclear region, where they acquire EEA1. GIPC's interaction with APPL is essential for recruitment of GIPC to peripheral endosomes and for TrkA signaling, because a GIPC PDZ domain mutant that cannot bind APPL or APPL knockdown with small interfering RNA inhibits NGF-induced GIPC recruitment, mitogen-activated protein kinase activation, and neurite outgrowth. GIPC is also required for efficient endocytosis and trafficking of TrkA because depletion of GIPC slows down endocytosis and trafficking of TrkA and APPL to the early EEA1 endosomes in the juxtanuclear region. We conclude that GIPC, following its recruitment to TrkA by APPL, plays a key role in TrkA trafficking and signaling from endosomes.
Endocytic trafficking has long been linked to growth factor signaling, where it has been considered primarily a means to terminate signaling by downregulation of receptors. The concept of signaling from endosomes was introduced over 10 years ago by Bergeron and colleagues (2, 16) , who found that after adding epidermal growth factor (EGF) to cells, the bulk of the EGF receptors as well as downstream signaling molecules of the Ras pathway, such as Shc, Grb2, and mSOS, are found on endosomes. Since then, increasing evidence has linked signaling and endocytosis (13, 19, 23, 34, 40, 42, 44) .
The TrkA nerve growth factor (NGF) receptor activates several signaling pathways, including the Ras/mitogen-activated protein (MAP) kinase and phosphatidylinositol (PI) 3-kinase/Akt pathways, and is required for survival, differentiation, and maintenance of neurons (25, 41) . Work to date indicates that the early events in TrkA trafficking are similar to those for the EGF receptor, i.e., the receptor dimerizes, autophosphorylates, and is internalized via clathrin-coated pits which pinch off from the cell membrane in a dynamin-dependent process to become clathrin-coated vesicles which subsequently uncoat to become early endosomes (4, 19) . Clathrincoated vesicles and uncoated vesicles containing TrkA were designated "signaling endosomes" by Mobley and coworkers because they were shown to be enriched for NGF-bound, phosphorylated TrkA (pTrkA) and downstream signaling molecules in their active form, including GTP-bound Ras, C-Raf, pMek, Rap1, and phosphorylated extracellular signal-related kinases 1 and 2 (pErk1/2) (14, 23, 45 ). Endocytosis appears to be required for TrkA signaling, as blocking clathrin-mediated endocytosis leads to decreased NGF-induced neuron-like differentiation of PC12 cells and increased death of sympathetic neurons (46, 47) . After internalization of TrkA, NGF and pTrkA are transported to the cell body in retrograde transport vesicles, where they are assumed to function in long-distance signal transduction of growth factors (14, 19, 22, 23) .
GIPC (GAIP-interacting protein, C terminus) was originally identified based on its ability to bind to the RGS (regulator of G protein signaling) protein GAIP (RGS19), a GAP-or GTPase-activating protein for heterotrimeric G proteins (15) . We previously showed that endogenous GIPC binds to TrkA and colocalizes with pTrkA in endocytic vesicles and that overexpression of GIPC attenuates NGF-induced MAP kinase activation in PC12(615) cells (31) . Overexpression of GIPC was subsequently shown to also attenuate MAP kinase signaling mediated by the ␤1-adrenergic and insulin-like growth factor 1 (IGF-1) receptors (6, 24) .
To obtain further information on the role of GIPC in TrkA signaling, we used mass spectrometry to identify GIPC-interacting proteins. We identified four GIPC-interacting proteins in PC12(615) cells: APPL and APPL2 (33, 35) , striatin (10) , and SG2NA (37) . APPL was of greatest interest, as it was recently found to bind Rab5 on signaling endosomes and to serve as an intermediate in EGF signaling between the cell membrane and the nucleus (33) . In this paper, we show that after NGF stimulation, endogenous GIPC and APPL translo-cate to endocytic vesicles and presumably bind to TrkA on signaling endosomes. APPL recruits GIPC to endocytic vesicles with TrkA, and both GIPC and APPL are required for optimal TrkA signaling and for the efficient transport of TrkA vesicles from the cell periphery to early endosomes in the juxtanuclear region. NJ). Detection was accomplished with SuperSignal West Pico chemiluminescent substrate (Pierce Biotechnology, Rockford, IL). Infrared imaging with two-color detection and quantification of Western blots was performed according to the manufacturer's protocols using an Odyssey imaging system (Li-Cor Biosciences, Lincoln, NE).
Plasmid construction and RNA interference. Construction of His-tagged, fulllength mouse GIPC expression plasmid (pcDNA3-mGIPC-FLAG) and the PDZ domain mutant [pcDNA3-mGIPC (L 142 G 143 ϾAE)-FLAG] was described previously (31) . The HA-tagged APPL construct in the pENTR vector (Invitrogen) was subcloned from APPL cDNA constructs (35) and used to generate HAtagged APPL⌬C (a mutant lacking the four C-terminal amino acids) by PCR with a reverse primer lacking the coding sequence for the last four residues. pENTR-HA-APPL and pENTR-HA-APPL⌬C were then recombined separately into a baculovirus destination vector, pDEST10, to generate HA/His 6 -APPL and HA/His 6 -APPL⌬C by use of a baculoviral expression system from Invitrogen. Knockdown of GIPC protein expression was performed in PC12(615) cells by use of a duplex small interfering RNA (siRNA) (sense sequence, 5-AGAGGUGG AAGUAUUCAAGdTdT, where dT is deoxyribosylthymine) purchased from Dharmacon, Inc. (Chicago, IL). Knockdown of APPL1 was achieved using siGenome SMARTpool reagent (Dharmacon, Inc.). A negative-control scrambled siRNA (silencer no. 1) was purchased from Ambion (Austin, TX). Transfection of PC12(615) cells was performed using Dharmafect4 transfection reagent according to the manufacturer's protocol (Dharmacon, Inc.), with 60 nM siRNA concentration in the medium, 0.8 g/l siRNA-to-lipid ratio, and cell density of ϳ100 cells/mm 2 surface area.
Protein purification and in vitro binding assay. GST and GST-GIPC were expressed in Escherichia coli and purified on glutathione-Sepharose 4B beads (Amersham). HA/His 6 -tagged APPL or APPL⌬C was expressed with baculovirus in Sf9 cells and purified on Ni-nitrilotriacetic acid agarose (QIAGEN, Valencia, CA). For the binding assay, 1.5 g GST or GST-GIPC was incubated with 2 g HA/His 6 -APPL and 1 l glutathione-Sepharose in 300 l binding buffer (50 mM Tris, pH 7.4, 100 mM NaCl, 0.5% NP-40) for 5 h at 4°C. For the experiments involving cell lysates, 3 g GST or GST-GIPC was incubated with 500 l lysate prepared from Sf9 cells expressing HA/His 6 -APPL or HA/His 6 -APPL⌬C for 2 h at 4°C. Beads were spun down and washed extensively in the binding buffer and boiled in Laemmli sample buffer. Bead-bound proteins were separated by SDS-PAGE.
Endocytosis assay for TrkA. PC12(615) cells grown on poly-L-lysine-coated coverslips (BD Biotech, San Diego, CA) were serum starved at 37°C in Dulbecco's modified Eagle's medium (high glucose) for 2 h; incubated on ice with NGF (50 to 100 ng/ml; Roche), 5C3 IgG (1:10,000), or RTA serum (1:500) diluted in phosphate-buffered saline (PBS) containing 1% bovine serum albumin (BSA) for 0.5 to 1 h; washed with ice-cold PBS containing 0.1% BSA (3ϫ); and shifted to fresh medium at 37°C for various times. The cells were then fixed and processed for immunofluorescence.
Immunofluorescence. PC12(615) cells were fixed with 2% paraformaldehyde in PBS on ice for 30 min, permeabilized with 0.1% Triton X-100 containing 1% BSA, and incubated with primary antibodies for 1 h and goat anti-rabbit Alexa-594 or anti-mouse Alexa-488 F(abЈ) 2 for 1 h. Fluorescence images were taken with a Zeiss Axiophot or AxioImager M1 (Carl Zeiss, Thornwood, NY) equipped with a digital ORCA-ER camera (Hamamatsu, Bridgewater, NJ) and processed with Adobe Photoshop 5.0 (Adobe Systems, Mountain View, CA). Fluorescence images of double-labeled samples were quantified as described previously (17) . Cell membrane areas were traced for early time points (0 and 5 min), or entire cells were traced at 30-min time points and selected using Adobe Photoshop 5.0. For semiquantitative analysis of cell membrane-associated TrkA, images were calculated as follows. Only pixels with gray-scale intensities between 75 and 255 were included, and the numbers of total pixels for TrkA that overlapped with GIPC, APPL, or EEA1 (yellow pixels) were measured using NIH image (National Institutes of Health, Bethesda, MD).
Neurite outgrowth assay. PC12(615) cells were transfected with FLAG-tagged GIPC constructs, treated with 50 ng/ml NGF for 16 h to induce growth of neurites, and stained with anti-FLAG MAb and goat anti-mouse Alexa-488 F(abЈ) 2 . Transfected cells and nontransfected controls were assayed for neurite outgrowth as previously described (26) . In each experiment, at least 50 transfected cells from several randomly selected fields were classified as differentiated or undifferentiated. A differentiated cell was defined as one that had grown a neurite of twice the cell body length or longer (26 
RESULTS
Identification of APPL, APPL2, striatin, and SG2NA as GIPC-interacting proteins. To gain insights into GIPC's functions and interactions in PC12(615) cells, we set out to identify GIPC-associated proteins. Five protein bands, 170, 120, 100, 80, and 40 kDa, were identified by mass spectrometry in immunoprecipitates (IPs) obtained with anti-GIPC IgG but not with control IgG (Fig. 1A) . Two proteins, APPL (709 amino acids [aa] ) and SG2NA (713 aa), were identified from the 100-kDa band, and APPL2 (664 aa) was identified from the 80-kDa band. The 40-kDa band was identified as GIPC and the 170-and 120-kDa bands as striatin (780 aa). None of these proteins were previously known to be associated with GIPC. The presence of APPL, striatin, and SG2NA in the GIPC IP was confirmed by immunoblotting (Fig. 1B) . APPL, also known as DIP13 ␣ (30), contains a pleckstrin homology domain, a phosphotyrosine binding domain, and a leucine zipper motif and can interact with Akt and PI 3-kinase (35) . APPL2, previously named DIP13 ␤ , is 50% identical to APPL. Striatin and SG2NA are 66% identical, sharing an N-terminal coiled-coil region, a Ca 2ϩ -calmodulin binding domain, and C-terminal WD repeats (10, 11, 37) . Each of these four proteins has been reported to act as a scaffold linking signal transduction and vesicular trafficking (3, 32) . APPL is a known marker of signaling endosomes and was shown to regulate trafficking through its interaction with Rab5 (32, 33) .
In this paper, we focused on the GIPC-APPL interaction and the requirements for this interaction in TrkA trafficking and signaling.
APPL binds to GIPC through its PDZ-binding domain. We noted that APPL and APPL2 have the same C-terminal PDZbinding motif (-SEA) as GAIP (15) , suggesting that, like GAIP, they might bind directly to GIPC. This proved to be the case, as GST-GIPC specifically pulled down HA/His 6 -APPL (Fig. 1C) . Moreover, this interaction occurs through the PDZbinding motif of APPL, because GST-GIPC did not pull down APPL⌬C, a mutant lacking the four C-terminal amino acids (Fig. 1D) . Furthermore, mutation of the PDZ domain of GIPC, which prevents its binding to GAIP but not to TrkA (31) , also prevented the coimmunoprecipitation of APPL (Fig.  1E) . These results indicate direct interaction between the PDZ domain of GIPC and the PDZ-binding motif of APPL.
TrkA, GIPC, and APPL meet on peripheral endosomes. To determine where in the cell GIPC, APPL, and TrkA meet, we followed their distribution in PC12(615) cells by immunofluorescence after activation of TrkA. We incubated serum-starved PC12(615) cells at 4°C with either NGF or anti-TrkA antibody (RTA or 5C3), shifted the cells to 37°C to initiate endocytosis, and analyzed TrkA internalization by immunofluorescence. We found that the dynamics of TrkA internalization were the same whether internalization was induced with NGF or TrkA antibody. Both RTA and 5C3 bind specifically to the ectodomain of TrkA and mimic NGF, compete with NGF for binding sites on TrkA, and induce TrkA internalization and signaling (12, 28) . In cells incubated at 4°C as described above, TrkA was distributed uniformly along the cell membrane in dots or patches, presumably due to concentration of the receptor in specific microdomains of the plasma membrane (PM) ( Fig diffusely distributed in the cytoplasm or located on scattered vesicles in the cell bodies or cell processes, and there was no overlap in staining with TrkA ( Fig. 2C and I ). When the cells were shifted to 37°C for 5 min, TrkA became concentrated in clusters of endocytic vesicles located along the cell membrane at the tips of the cell processes ( Fig. 2D and J) . At the same time, there was a striking shift in distribution of both GIPC (Fig. 2E) and APPL (Fig. 2K ) to the clustered, endocytic vesicles located at the tips of the cell processes, where they colocalized with TrkA ( Fig. 2F and L) . Semiquantitative analysis of the overlapping pixels for surface-tagged TrkA revealed that only 8.2% of the total cell surface TrkA overlapped with GIPC ( Fig. 3A) and 5% with APPL ( Fig. 3B) prior to shifting the cells to 37°C, whereas 33% of the TrkA overlapped with GIPC ( Fig. 3A) and 44% overlapped with APPL ( Fig. 3B ) after incubation at 37°C for 5 min. These findings suggest that both GIPC and APPL are recruited from the cytoplasm to peripheral endocytic vesicles containing TrkA upon activation and internalization of TrkA. To find out if GIPC and APPL are present on the same endocytic vesicles, we expressed GIPC-FLAG or HA-APPL in PC12(615) cells, incubated them with NGF at 4°C, shifted them to 37°C, and immunostained for GIPC-FLAG and endogenous APPL or for HA-APPL and endogenous GIPC. At 4°C (0 min), GIPC-FLAG (Fig. 4A ) and HA-APPL (Fig. 4I ) staining resembled endogenous GIPC and APPL in that they showed both diffuse and vesicular cytoplasmic staining and did not colocalize with TrkA. Also, GIPC-FLAG did not colocalize with endogenous APPL (Fig. 4C) . However, after 5 min at 37°C, GIPC-FLAG colocalized with both TrkA (Fig. 4B) and APPL (Fig. 4D) in endocytic vesicles at the tips of the cell processes. Similarly, at 4°C HA-APPL did not codistribute with TrkA (Fig. 4I ) or endogenous GIPC (Fig. 4K ) but did so 5 min after shifting the cells to 37°C (Fig. 4J and L) .
Thus, our immunofluorescence results together with the fact that TrkA and APPL are both present in GIPC immunoprecipitates (Fig. 1E) suggest that after activation of TrkA, APPL and GIPC are recruited from the cytoplasm and form a complex with TrkA on newly internalized, peripheral endosomes.
APPL, but not GIPC, traffics with TrkA to juxtanuclear EEA1 endosomes. To determine if GIPC and APPL traffic with TrkA to early endosomes, we followed the distribution of TrkA, GIPC, APPL, and EEA1, an early endosome marker, 15 to 30 min after activation of TrkA. TrkA did not codistribute significantly with EEA1 in cells incubated at 4°C (0 min) (Fig.  5A ) or 5 min after shifting the cells to 37°C but began to appear in larger EEA1-positive endosomes in the juxtanuclear region after 15 min and peaked there at 30 min (Fig. 5B) . By contrast, colocalization of TrkA and GIPC was prominent at 5 min (Fig. 2F) and was reduced at 30 min (Fig. 5C ) and colocalization of GIPC and EEA1 (Fig. 5E ) was minimal at both 5 and 30 min. Quantification of overlapping pixels revealed that at 0 min only 1% of the surface-labeled TrkA was associated with EEA1 endosomes whereas by 30 min 42% overlapped with EEA1 on juxtanuclear endosomes (Fig. 3C) . The quantification also confirmed that the overlap in distribution of TrkA and GIPC peaked at 5 min and had decreased by 15 min: ϳ30% of the surface-labeled TrkA overlapped with GIPC at 5 min, but overlap was reduced to 15% at 15 min (Fig. 3A) . In contrast to GIPC, colocalization of TrkA and APPL (Fig. 5D ) and APPL and EEA1 (Fig. 5F ) was striking at 30 min; 33% of the total surface-labeled TrkA overlapped with APPL on juxtanuclear endosomes at both 15 and 30 min (Fig. 3B) .
These findings suggest that APPL and GIPC follow TrkA to peripheral endosomes, where the two proteins have different fates: much of the GIPC dissociates from TrkA whereas APPL traffics with TrkA to early, EEA1 endosomes in the juxtanuclear region.
APPL is required for the recruitment of GIPC to TrkA endocytic vesicles. To find out if preventing interaction between GIPC and APPL is associated with impaired recruitment of GIPC or APPL or impaired trafficking of TrkA, we expressed a GIPC mutant [GIPC(LGϾAE)] that cannot bind APPL and analyzed the distribution of TrkA and GIPC after NGF stimulation. We found that GIPC(LGϾAE) did not affect TrkA endocytosis on a gross level (Fig. 4E and F) . However, in contrast to endogenous GIPC (Fig. 2E) or GIPC-FLAG (Fig. 4B) , the mutant failed to translocate to the cell membrane or to colocalize with TrkA ( Fig. 4E and F) or APPL ( Fig. 4G and H) after activation of TrkA. Quantification of the overlap between GIPC-FLAG or GIPC(LGϾAE)-FLAG and APPL demonstrated that at 2 min of NGF uptake, 47% of cell membrane-associated GIPC-FLAG overlapped with endogenous APPL, whereas only 15% of the mutant overlapped with APPL (Fig. 3D) . The lack of overlap in staining of TrkA and GIPC(LGϾAE)-FLAG suggests that binding of GIPC to a protein containing a PDZ-binding motif, most likely APPL, is necessary to recruit GIPC to the cell membrane and for GIPC to bind to TrkA.
To verify that the recruitment of GIPC is dependent on its interaction with APPL, we examined the effects of knocking down APPL on translocation of GIPC to incoming TrkA vesicles. We found that in cells transfected with scrambled siRNA, GIPC's recruitment 5 min after NGF stimulation occurred normally ( Fig. 6A and C) ; however, in cells transfected with APPL siRNA (ϳ60% knockdown [see Fig. 8]) , GIPC was not translocated to the PM and failed to appear on vesicles with TrkA after NGF stimulation (Fig. 6B and D) . Indeed, cell counts revealed that colocalization (yellow pixels) of TrkA and GIPC was evident (based on visual inspection) in 41% of cells transfected with control siRNA but in only 7% of cells treated with APPL siRNA. From these results, we conclude that interaction with APPL is required for the recruitment of GIPC to incoming vesicles carrying TrkA.
The GIPC(LG>AE) mutant and GIPC knockdown inhibit NGF-induced neurite outgrowth and MAP kinase activation.
Previously, we showed that NGF-induced Erk1/2 activation was inhibited in cells stably overexpressing GIPC, suggesting that GIPC plays a role in NGF signaling. To investigate the role of GIPC and its interaction with APPL in NGF signaling, we assessed the effects of overexpressing GIPC(LGϾAE)-FLAG on NGF-induced neurite outgrowth. NGF induces outgrowth of neurites (cell differentiation) through MAP kinases and their target transcription factors, including CREB (25, 41) . We found that only ϳ4% of control (unstimulated) PC12(615) cells differentiated, i.e., grew neurites of at least twice the cell body length (Fig. 7A) . In contrast, ϳ50% of the nontransfected PC12(615) cells, 41% of the mock-transfected cells, and 37% of the cells transiently transfected with wild-type GIPC-FLAG differentiated after 16 h of NGF treatment (50 ng/ml). Transfection of GIPC(LGϾAE)-FLAG caused a significant reduction (27%) in neurite outgrowth (P Ͻ 0.05 compared to the mock control). Therefore, disruption of GIPC's ability to bind the PDZ-binding motif of APPL impairs NGF-induced cell differentiation, indicating the importance of this interaction for NGF signaling.
Next, we examined Erk activation by using an antibody specific for pErk1/2. Consistent with our previous observations (31), we found that Erk1/2 activation was slightly reduced (by 18%) in GIPC-FLAG-transfected cells compared to levels for mock-transfected controls (Fig. 7B) . In cells transfected with GIPC(LGϾAE)-FLAG, Erk1/2 activation was further decreased to 40% of controls ( Fig. 7B and C ). This correlates with the neurite outgrowth results (Fig. 7A ) and suggests that proper interaction with APPL is essential for TrkA signaling through MAP kinase.
GIPC or APPL knockdown inhibits TrkA signaling. To further characterize the role of GIPC-APPL interaction in TrkA signaling, we assessed the effects of knocking down GIPC or APPL on activation of TrkA and on the downstream Erk/MAP kinase and PI 3-kinase/Akt signaling pathways. We found that when GIPC was knocked down activation of TrkA was not affected but effects on TrkA signaling were evident, as pAkt and pErk1/2 were reduced by ϳ20% compared to controls transfected with scrambled siRNA (Fig. 8A and B) . Similar results were obtained after knocking down APPL. Activation of TrkA was not affected, but Erk/MAP kinase and PI 3-kinase/ Akt signaling pathways were inhibited by 30 and 40%, respectively ( Fig. 8A and B) . These findings suggest that interaction between TrkA, GIPC, and APPL is required for efficient signaling. GIPC knockdown slows TrkA internalization and trafficking. Since GIPC, through its interaction with myosin VI, can facilitate the translocation of endocytic vesicles from the cell periphery to the juxtanuclear region (1, 7) , we investigated if the effects on signaling seen after GIPC and APPL knockdown could be attributed to changes in TrkA trafficking. In cells transfected with scrambled siRNA, TrkA was internalized normally and found in clusters of vesicles at the tips of the cell processes or just beneath the cell membrane after 5 min (Fig.  6E ) and in juxtanuclear endosomes by 15 min after NGF stimulation (Fig. 6G) . By contrast, in cells treated with GIPC siRNA in which GIPC expression was knocked down 80 to 90% (Fig. 8A) there was a striking slowing of the internalization and trafficking of TrkA. At 5 min, TrkA remained largely at the PM, with fewer vesicles that stained for TrkA seen inside the cell (compare Fig. 6F and E) , and by 15 min TrkA remained in the peripheral cytoplasm and little enrichment in the juxtanuclear region was evident (compare Fig. 6H and G) .
Similar slowing in APPL trafficking was observed after GIPC knockdown (Fig. 6I to L) . In cells transfected with control (scrambled) siRNA, APPL was recruited normally to the cell membrane after 5 min and colocalized with TrkA, and by 15 min it was concentrated in juxtanuclear endosomes (Fig. 6I) . In cells transfected with GIPC siRNA, APPL was recruited to the cell membrane, colocalized with TrkA, but at 15 min remained largely at the cell membrane and was not seen on juxtanuclear endosomes in the majority of cells (Fig. 6J) . However, by 30 min, some of the APPL eventually accumulated in the larger juxtanuclear endosomes (Fig. 6L) .
We conclude that GIPC is required for efficient trafficking of TrkA and APPL to early endosomes. This effect is most likely due to its interactions with myosin VI. GIPC is known to bind myosin VI (20) , and its interaction with myosin VI is required for efficient endocytosis of the transferrin receptor (20) as well as megalin, a member of the low-density lipoprotein receptor superfamily (38) , and the glucose transporter GLUT1 (7).
DISCUSSION
In this study we demonstrate that recruitment of GIPC to incoming endocytic vesicles and binding to APPL and TrkA are essential for efficient TrkA signaling and neurite outgrowth. We found that 2 to 5 min after activation of TrkA, GIPC and APPL translocate to the cell membrane and colocalize with TrkA and with each other. At 30 min, TrkA colocalizes with EEA1 and APPL but not GIPC on juxtanuclear endosomes. We further show that recruitment of GIPC requires binding to APPL and that its recruitment is necessary for efficient TrkA signaling, because when APPL is knocked down or a GIPC PDZ domain mutant that cannot bind APPL is expressed, GIPC fails to be recruited to incoming endocytic vesicles carrying TrkA, and activation of MAP kinases and neurite outgrowth are decreased. We also show that GIPC knockdown slowed down the trafficking of TrkA and APPL from peripheral endosomes to the juxtanuclear region, thus suggesting that the effects on signaling and neurite outgrowth may be due to the slowed trafficking of TrkA endocytic vesicles. Since APPL is necessary to recruit GIPC, we would have expected that APPL knockdown would also slow down trafficking. However, our APPL knockdown was not complete and therefore the residual APPL may have prevented a clear observation of the slowing in TrkA trafficking after APPL depletion. Based on these data, we propose the following model (Fig. 9 ) for GIPC's actions during TrkA signaling and traffick- ing: (i) after NGF stimulation, APPL is recruited and in turn recruits GIPC and Rab5 to endocytic vesicles carrying TrkA, (ii) the vesicles are internalized to become peripheral "signaling endosomes," which acquire myosin VI and traffic across the cortical actin barrier, (iii) GIPC is released from peripheral endosomes, but APPL remains bound, presumably by direct binding to TrkA (29) , and (iv) the peripheral endosomes move to the juxtanuclear region and acquire EEA1. Recruitment of GIPC and its interaction with APPL and TrkA at peripheral "signaling endosomes" are required for neurite outgrowth and differentiation of PC12 cells. The signaling endosome concept hypothesizes that NGFbound, activated TrkA is internalized into signaling endosomes at nerve terminals and delivered to the cell body to activate downstream effectors (9, 25) . Evidence has been presented earlier that clathrin-coated vesicles and uncoated vesicles or peripheral endosomes correspond to so-called "signaling endosomes" (14, 23) as defined by the presence of Rab5 and pErk.
In this paper, we found that GIPC represents another marker for peripheral signaling endosomes, as TrkA, GIPC, and APPL codistribute in endocytic vesicles on or near the cell membrane shortly after NGF binds to TrkA. We have shown previously that GIPC binds to the juxtamembrane region of TrkA (31) , and here we show that it binds to the C-terminal PDZ-binding motif of APPL. Thus, although GIPC is presumably capable of assembling TrkA and APPL into a multiprotein complex, it requires APPL to be efficiently recruited. APPL has recently been shown to bind directly to TrkA (29) . The colocalization of GIPC, TrkA, and APPL on endosomes is restricted temporally to a short time window almost immediately following TrkA activation and spatially to the cell periphery. Expression of a GIPC PDZ mutant that cannot bind APPL or knockdown of APPL disrupted this scenario, as it interfered with recruitment of GIPC to the peripheral signaling endosomes and impaired TrkA signaling based on the inhibition of neurite outgrowth and Erk activation. Thus, our results suggest that GIPC is required for efficient internalization of TrkA and for optimal signaling from peripheral endosomes.
APPL has been shown to bind to Rab5 after EGF stimulation and to be distributed on a population of endosomes which were suggested to correspond to signaling endosomes (33). Miaczynska et al. (33) also found that in HeLa cells EGF treatment caused APPL to translocate from peripheral vesicles to the nucleus. In that work, localization of APPL and EGF was observed to occur only on peripheral vesicles and little colocalization of APPL and EEA1 was observed to occur, from which it was proposed that APPL vesicles constitute an EEA1-independent route for receptor trafficking. In PC12 cells, we found a rapid, transient increase of APPL staining on the cell periphery after NGF stimulation, followed by its appearance on EEA1 endosomes in the juxtanuclear region, suggesting that in PC12 cells APPL vesicles and EEA1 vesicles are not independent trafficking routes. Graph showing results of densitometric analysis of immunoblots from three independent experiments (average Ϯ standard error). The graphs illustrate activation of TrkA, Akt, and Erk1/2 after the different siRNA treatments. PC12(615) cells were transfected with scrambled siRNA (SCR) as a control, siRNA directed against GIPC, or siRNA against APPL. Seventy-two hours after transfection, cells were incubated in serum-free medium for 3 h and then stimulated with 50 ng/ml NGF for 5 min. Total levels of TrkA, Akt, and Erk and pTrkA, pAkt, and pErk in whole-cell lysates were detected by Western blotting using an infrared imaging system. For better accuracy and to eliminate stripping steps, the same membranes were simultaneously blotted with rabbit antibodies specific to the phosphorylated form and mouse antibodies that recognize both activated and nonactivated forms, followed by Alexa-680-conjugated anti-mouse and IR-Dye800-conjugated anti-rabbit secondary antibodies. Statistical evaluation of the data was done using a two-tailed distribution t test. In addition to TrkA, GIPC can bind to a variety of membrane receptors, including several growth factor receptors, e.g., the TrkB (31), transforming growth factor ␤ III (5), and IGF-1 (6) receptors, and several G protein-coupled receptors, including the ␤1-adrenergic (24), D 2 dopamine (27) , and LH (21) receptors. TrkA and TrkB bind to GIPC through their juxtamembrane regions (31) , and the same may apply to the Xenopus laevis IGF-1 receptor. In the case of the IGF-1 and ␤1-adrenergic receptors, overexpression of GIPC was also shown to reduce MAP kinase activation. At present, it is not known whether APPL is involved in promoting signaling via other growth factor and G protein-coupled receptors that bind GIPC.
In addition to binding to various receptors, GIPC can bind myosin VI in two-hybrid and immunoprecipitation assays (1, 7, 20) . Myosin VI is a retrograde motor protein that associates with clathrin-coated pits or vesicles, modulates clathrin-mediated endocytosis (8) , and partially colocalizes with GIPC in newly uncoated vesicles (1) . GIPC/myosin VI complexes coordinately move within cells in an actin-dependent manner and facilitate the translocation of endocytic vesicles across the peripheral actin barrier (20) . The ability of GIPC to form homodimers (7) and bind to APPL, striatin, and many receptor proteins suggests that GIPC could function to assemble protein complexes required for endocytosis and signal transduction. FIG. 9 . Model depicting the interactions between TrkA, GIPC, and APPL and their trafficking on early endosomes. NGF binds to TrkA in clathrin-coated pits, and clathrin-coated vesicles containing TrkA pinch off from the cell membrane and undergo uncoating to become peripheral signaling endosomes (PSE). APPL binds to TrkA on PSEs and recruits GIPC and Rab5. GIPC then binds myosin VI, which serves to move the TrkA PSEs across the cortical actin barrier at the cell periphery. As the PSEs with TrkA travel from the cell periphery to the juxtanuclear region, GIPC is released, but APPL follows TrkA to the juxtanuclear region, where the endosomes acquire the early endosome marker EEA1. APPL is required for recruitment of GIPC, and both GIPC and APPL are required for TrkA signaling from peripheral endosomes, because when GIPC's recruitment and interaction with APPL are prevented, TrkA signaling is inhibited. 
